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Intertidal ﬂats are key elements in marine environments; they provide regions of rich bioactivity and also have the function of water
puriﬁcation. In the present study, the shear wave velocity structures of intertidal ﬂats were explored by a surface wave method called the
multichannel analysis of surface waves (MASW), which is a very useful method for surveying the sedimentary stratigraphy of various
intertidal ﬂats, in order to evaluate the cross-shore and the along-shore sedimentary stratigraphy. Field surveys were carried out in
sandﬂats, mudﬂats, and subtropical tidal ﬂats during spring tides in summer, when these ﬂats were exposed. In the sandﬂats, the
sedimentary stratigraphy evaluated by MASW (as distributions of the shear wave velocity/stiffness) and by physical soil tests (as
distributions of the void ratio) can be explained as being a consequence of the cyclic elastoplastic contraction of the soils that are
subjected to a variety of suction dynamics under the tide-induced groundwater table ﬂuctuations. In the mudﬂats, the soil stiffness was
extremely homogeneous, although a variation in the void structure was observed in association with the grain-size distributions, because
suction did not develop in the soil. In the subtropical intertidal ﬂats, lime rock was clearly identiﬁed beneath the soil sediments. A
spectrum analysis in the cross-shore direction was carried out in order to quantitatively characterize the dominant wavelength for the
variations in both shear wave velocity and morphological ground surface proﬁles of intertidal ﬂats with various scales and soil types. In
the intertidal ﬂats with a multibar-trough structure, dominant wavelengths in the range 40–90 m were obtained corresponding to the
unit length of the bar-trough structure, while in the mudﬂat or the huge-scale homogeneous sandﬂat, no dominant wavelength was
obtained. In the subtropical tidal ﬂats, the dominant wavelength was strongly inﬂuenced by protruding lime rock rather than by the
morphological ground surface proﬁle.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Intertidal ﬂats are key elements in marine environments;
they provide zones of rich bioactivity and also serve as12 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.05.003
ng author.
sses: watabe@ipc.pari.go.jp (Y. Watabe),
o.jp (S. Sassa).
nder responsibility of The Japanese Geotechnical Society.water puriﬁers. Most of the previous studies that have
challenged issues associated with intertidal ﬂats have done
so on the basis of the following: a biological approach
(e.g., Kuipers et al., 1981; Ellison, 1984), in which the
major concern was the food chain of the inhabitant
organisms, a hydrological approach (e.g., Jarvis and
Riley, 1987; Stevenson et al., 1988; Perillo and Sequeira,
1989; Le Hir et al., 2000), in which the major concern was
the sediment transportation during the period of submer-
gence, and a chemical approach (e.g. Widdows et al.,
2000), in which the major concern was the chemical mass
balance in the seawater and/or the pore water. Althoughg by Elsevier B.V. All rights reserved.
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period of exposure, the authors of the above studies have
mainly focused their attention on the period of submer-
gence. Thus, such studies have mainly treated intertidal
ﬂats as being equivalent to the sea bottom, not the exposed
ground. The present study approaches these issues by
using a geotechnical and geoenvironmental methodology,
which enables a direct investigation of the intertidal ﬂat
soils that are the primary habitats for benthic life/activity.
In surveys of marine soil stratigraphy, some useful
techniques, such as core sampling (e.g., Hori et al., 2001;
Hasiotis et al., 2005; Heyvaert and Baeteman, 2007),
seismic reﬂection (e.g., Terrinha et al., 2003; Hasiotis
et al., 2005; Mienis et al., 2006; Schlu¨ter and
Uenzelmann-Neben, 2007), acoustic reﬂection (e.g.,
Mienis et al., 2006; Hutri and Kotilainen, 2007), and
ground-penetrating radar (e.g., Neal et al., 2002) have
been applied. Some of these techniques require a sea
vehicle (e.g., a survey ship and sidescan sonar) and are
applicable to the investigation of the submerged sediment
stratigraphy with a sufﬁcient water depth. Many other
techniques require a high level of trafﬁcability for the
equipment.
The important points in the identiﬁcation and the
description of tidal ﬂat stratigraphy are the portability of
the equipment, the mobility of the survey, the spatial
continuity and the high accuracy of the data set, and the
low impact on marine life. For example, core sampling is
the most accurate technique; however, the obtained data is
present as stratigraphic succession at discrete points. On
the other hand, acoustic reﬂection and seismic reﬂection
are available for obtaining spatially continuous data sets;
however, the equipment used for these techniques is not
portable. With this in mind, the authors have explored the
capability of a surface wave method, called the multi-
channel analysis of surface waves (MASW) (Park et al.,
1999; Hayashi and Suzuki, 2004), proving that MASW is
an efﬁcient and versatile method for investigating intertidal
sedimentary stratigraphy (Watabe and Sassa, 2008).
The purpose of this study is threefold, namely, to
evaluate the sedimentary stratigraphy of natural intertidal
ﬂats with various characteristics, to gain insights into the
formation mechanisms of such sedimentary stratigraphy,
in light of the relevant geoenvironmental dynamics, and to
characterize the morphological features of cross-shore
sedimentary stratigraphy. Indeed, the authors were moti-
vated by recent ﬁeld observations (Sassa and Watabe,
2005, 2007) in an intertidal sandy ﬂat. The continuous
measurements closely captured the dynamics of suction in
the shallow soils under the tide-induced groundwater table
ﬂuctuations. Suction is deﬁned by
s ¼ ua2uw ð1Þ
where ua is the atmospheric air pressure and uw is the pore
water pressure. Sassa and Watabe (2007) have demonstrated
that such suction dynamics plays a substantial role in the
temporal and the spatial evolution of voids, stiffness, andsurface shear strength in cyclically exposed and submerged
soil. Furthermore, the state of suction in association with the
groundwater level is found to be closely linked to the
performance of benthic activity (Sassa and Watabe, 2008).
The outputs from the MASW exploration were the
spatial distributions of the shear wave velocities vs, which
were used to assess the stiffness of the intertidal ﬂat soils.
Field surveys were ﬁrstly conducted in a typical sandﬂat
and a typical mudﬂat during spring tides in summer, when
these ﬂats were exposed, and the formation mechanisms of
the sedimentary stratigraphy that were detected by MASW
are discussed with regard to the relevant geoenvironmental
dynamics. Then, MASW was applied to intertidal ﬂats
with various scales and soil types. A spectrum analysis in
the cross-shore direction was carried out in order to
quantitatively characterize the dominant wavelength for
the variations in both shear wave velocity structures and
morphological ground surface proﬁles of intertidal ﬂats
with various scales and soil types.
2. Geoenvironmental dynamics and geomorphology in
intertidal ﬂats
The authors have performed ﬁeld observations (Sassa
and Watabe, 2005) in the Banzu intertidal sandﬂat,
Kisarazu City, Chiba Prefecture, Japan and have demon-
strated the nature of the geoenvironmental dynamics in the
soil surface layer, which involve coupled processes includ-
ing evaporation, suction development, upward moisture
movement, and salinity accumulation.
The temporal variations in the groundwater level are
shown in Fig. 1(a). The astronomical tide level is plotted
for the purpose of comparison. During periods of sub-
mergence, the measured ﬂuctuations in the water level
essentially coincide with the ﬂuctuations in the astronom-
ical tide level. By contrast, during periods of exposure,
there were apparent decays and phase lags in the measured
variations in the groundwater level in comparison with
those of the astronomical tide level. This observation
implies that the ﬂuctuations in the groundwater table
signiﬁcantly attenuate in the offshore–onshore direction,
which is attributed to both the hydraulic conductivity of
the soil and the dimensions of the intertidal ﬂat. The
associated variations in suction at three different soil
depths – 10, 100, and 200 mm below the ground surface
– are shown in Fig. 1(b). The shapes of these three curves
are essentially the same, but are vertically shifted to
correspond to the soil depths.
The ratio of the increase in suction to the decrease in
groundwater level was found to be essentially equal to the
unit weight of water gw, indicating that the soil in an
intertidal ﬂat always remains saturated. In fact, during the
period of the ﬁeld observations, the measured volumetric
water content was constant. The saturated state is impor-
tant to understanding the characteristics of suction devel-
opment in intertidal ﬂat soils. This is the main difference
between intertidal sandﬂats, which have rich bioactivity,
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unsaturated state.
Such internal geodynamics under ebbing and ﬂooding tides
have been shown to play important roles in geomorphology,
as described in Sassa and Watabe (2007). Namely, the cyclicArray of geophones at 1-m in
connected to the “land strea
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Fig. 1. Temporal variations in (a) water/groundwater level and (b)
suction at three different depths (10, 100 and 200 mm below the ground
surface) at a distance of approximately 400 m from the shoreline in the
Banzu intertidal ﬂat (approximately 700 m south of the MASW survey
array to be described). The observation was performed on May 25, 2005.
The dotted line in (a) represents the astronomical tide level.variations in suction, with observed magnitudes of about
2.5 kPa at the soil surface (2.0–3.0 kPa in many cases),
eventually caused marked contrasts in the soil densiﬁcation
of the zones above the groundwater level in the cross-shore
direction, causing characteristic changes in the morphological
proﬁle. Here, the groundwater level is deﬁned as the depth
corresponding to zero suction. The elastoplastic theoretical
model proposed by the authors (Sassa and Watabe, 2007)
explained well the temporal variation in the void structures
observed in a model experiment; typically, severe suction
ﬂuctuations caused soil with an initial void ratio (e) of 1.1 to
eventually become densiﬁed to 0.9. This magnitude of soil
densiﬁcation is large enough to bring about substantial
changes in soil stiffness (Lohani et al., 2001). In fact, based
on the vane shear tests conducted in the laboratory on
specimens of reconstituted Banzu sand with different void
ratios (0.73–1.01), a decrease in void ratio of 0.2 corresponds
to a threefold increase in the vane shear strength under the
same suction conditions (Sassa and Watabe, 2007).3. MASW—geophysical exploration
MASW is a seismic method for geophysical site inves-
tigations and is applied here to explore the internal
sedimentary stratigraphy of the soil deposits in intertidal
ﬂats. The measurement principle of MASW and the
instruments (seismograph: Model McSEIS-SXW, OYO
Corporation, Tokyo, Japan and geophone: Model GS-
11D, OYO Geospace Corporation, Houston, Texas, USA)
used for the purpose of the present study are schematically
illustrated in Fig. 2. In the ﬁeld, a land streamer was used
(Inazaki, 1999) comprising 24 geophones aligned in a series
with an interval length of one meter on the ground surface.
Before each measurement, the land streamer was moved bytervals
mer”. pull
igh frequency)
(low frequency)
SW) and the apparatus for investigating the stratigraphy of the intertidal
igh waves with various frequencies generated by a triggering shock from a
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A large portable wooden hammer was used to impose a
vertical impact on the soil surface, thereby triggering
Rayleigh waves in the soil. In the tidal ﬂat soils, the
high-frequency, short-wavelength waves propagated in the
shallow soil region, while the low-frequency, long-wave-
length waves propagated in a soil region that included both
shallow and deep parts, following the characteristics of
Rayleigh waves.
The common mid-point (CMP) cross-correlation analy-
sis (Hayashi and Suzuki, 2004) was applied to shot gathers
and CMP cross-correlation (CMPCC) gathers were calcu-
lated in order to improve the lateral resolution of shear
wave velocity proﬁles. The MASW (Park et al., 1999) was
applied to each CMPCC gathers, and phase velocity
images were obtained in the frequency domain. The
MASW enables the direct calculation of the multi-modal
dispersion curves from multi-traces or cross-correlations.
The phase velocities were determined as the maximum
amplitude in each frequency so that the dispersion curve
(relationship between the phase velocity and the frequency)
could be constructed. Low and high frequencies corre-
sponded to the deep and the shallow regions of the soil
layer, respectively, as mentioned above. A non-linear least
squares method was applied to each dispersion curve in
order to reconstruct the one-dimensional shear wave
velocity proﬁle. An initial model was generated by a simple
wavelength-depth conversion (Xia et al., 1999). The num-
ber of layers was ﬁxed at 15 and only shear wave velocities
were varied throughout the reconstruction. Primary wave
velocities and densities automatically changed based on the
empirical relationship (Kitsunezaki et al., 1990; Ludwig
et al., 1970). The theoretical dispersion curves were
calculated by a matrix method (Saito and Kabasawa,
1993). The two-dimensional shear wave velocity structure
was obtained by aligning the one-dimensional depth
proﬁles of the shear wave velocity. This resulted in the
shear wave velocity structure along each survey array.
Typical data sets obtained at a stiff part of the sandﬂats, a
soft part of the sandﬂats, a soft part of the mudﬂats, and a
soft part of the sand-mud layered ﬂats are shown as wave
patterns, dispersion curves, and shear wave velocity struc-
tures in Watabe and Sassa (2008).
Shear wave velocity vs can be converted to initial
(maximum) shear modulus G0 by using
G0 ¼ rt  v2s ð2Þ
where rt is the bulk density. Since the shear modulus is
proportional to the square of the shear wave velocity, the
shear wave velocity structure represents the soil stiffness
structure. Note that, in this regard, high surface wave
velocities correspond to high soil stiffness. The outputs
from the MASW survey are the spatial distributions of the
shear wave velocities in the intertidal ﬂat soils, which are
used to assess their stiffness structures.4. Typical sedimentary stratigraphy of tidal ﬂats and its
formation mechanisms
4.1. Typical intertidal flats investigated
Typical sedimentary stratigraphy of a sandﬂat and a
mudﬂat was characterized using MASW. The locations of
the ﬂats investigated are illustrated in Fig. 3.
The Banzu intertidal ﬂat is located on the east coast of
Tokyo Bay in Kisarazu City, Chiba Prefecture, Japan. It is a
sandﬂat located in the estuary of the Obitsu River. The
hydrological, morphological, and ecological characteristics
are well-known from prior studies; e.g., Uchiyama (2007),
Kuwae et al. (2003), and Sassa andWatabe (2005, 2007, 2008).
MASW was performed in the cross-shore direction along
array A and in the along-shore direction along array B during
ebbing tide from August 16 to 18, 2004 (Watabe and Sassa,
2008). The diurnal difference between high tide and low tide
was about 1.6 m during the day.
The Shiranui intertidal ﬂat is located in the closed-off
section of Yatsushiro Bay, Uki City, Kumamoto Prefecture,
Japan. It is a mudﬂat in the estuary of the Ohno River. Since
the Shiranui Polder was reclaimed in the 1960s, the muddy
surface layer has gradually thickened. It is now impossible to
walk on the ﬂat because of the softness of the muddy soil;
therefore, a special paddle boat designed for mudﬂats
(Fig. 3(d)) was used. MASW was performed in the cross-
shore direction along arrays A and B and in the along-shore
direction along array C during ebbing tide from August 18–
20, 2005 (Watabe and Sassa, 2008). The diurnal difference bet-
ween high tide and low tide was about 4.0 m during the day.
4.2. Sedimentary stratigraphy of the typical intertidal flats
The shear wave velocity structures were explored for the
cross-shore and the along-shore intertidal ﬂat soils using
MASW. The phase velocity proﬁles were calculated so as to
accurately reproduce each dispersion curve. This showed the
shear wave velocity structure along each line of the survey.
Since the shear modulus is proportional to the square of the
shear wave velocity, the shear wave velocity structure
represents the above-mentioned soil stiffness structure.
4.2.1. Shear wave velocity structures of the Banzu intertidal
flat (sandflat)
The shear wave velocity structure in the cross-shore direc-
tion along array A is shown in Fig. 4. The indicated distances
correspond to the distance from the shoreline; the region from
5 to 30 m represents the reed bed in the backshore, and
the region from 0 to 1100 m represents the intertidal zone.
Surface layers with shear wave velocities of less than 60 m/s
correspond to very soft regions, where it would be difﬁcult to
walk and where each step would cause a depression of about
50 mm in the sand. In this region, there are many
burrows of benthic fauna on the soil surface. Offshore,
in the region from 800 to 1100 m, distinct contrasts
are visible between stiff bars, corresponding to high
Fig. 4. Shear wave velocity structures obtained by the MASW survey in the cross-shore direction along array A and in the along-shore direction along
array B in the Banzu intertidal ﬂat.
Fig. 3. Locations of the intertidal ﬂats investigated as a typical sandﬂat and a typical mudﬂat: (a) the Banzu intertidal ﬂat (sandﬂat) in Kisarazu City,
Japan, (b) scene at a region of soft sand around a distance of 300 m along array A, (c) the Shiranui intertidal ﬂat (mudﬂat) in Uki City, Japan with
contours of the soil surface elevation obtained by bathymetry and (d) the special paddle boat used in the ﬁeld work in the mudﬂat.
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Fig. 5. Typical scene of multibar-trough structure on the offshore side at the Banzu intertidal ﬂat.
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cities. These contrasts between bars and troughs compare
well with a typical scene of the bar-trough region at the
Banzu intertidal ﬂat, as shown in Fig. 5.
Typical examples of the dispersion curves for an offshore
bar-trough region in the Banzu intertidal ﬂat are shown in
Fig. 6. It is interesting to note that the dispersion curves are
clearly divided into two groups that represent stiff bars and
soft troughs, which correspond to shear wave velocities
greater than 110 m/s and less than 80 m/s, respectively, at
the ground surface.
Based on an empirical approximation of the surface waves,
the wavelength, which is calculated from the ratio of the
wave velocity to the frequency, was found to coincide with
triple the corresponding soil depth. The point of convergence
of the two groups (25 Hz and 130 m/s) corresponds to a
depth of 1.7 m. Thus, the marked difference in stiffness in the
bar-trough region was limited to the shallow layer above this
depth. In other words, the soils were essentially homogeneous
below this depth (see Fig. 4). Also, there is ﬁeld evidence that
the bar regions are generally stationary, as theoretically
explained by Sassa and Watabe (2009). Since this site is
subjected to the net deposition, as observed by Uchiyama
(2007), the stiff region up to a depth of 1.7 m is evidence of a
stationary densiﬁed zone.The shear wave velocity structure in the along-shore
direction along array B is also shown in Fig. 4. Soil surfaces
with shear wave velocities of approximately 50 m/s corre-
spond to regions where the ﬁne-particle content (particles
smaller than 0.075 mm in diameter) is greater than 20%. The
soil structure is very horizontal, despite the presence of the
creek. Since the bulk density rt of the soil is 1900 kg/m
3 in
the stiff regions and 1800 kg/m3 in the soft regions, shear
wave velocities vs of 120 m/s in a bar, of 60 m/s in a trough,
and of 50 m/s in the soft regions near the shoreline, can be
converted into shear moduli G0 of 27.4, 6.5, and 4.5 MN/m
2,
respectively, using Eq. (2).
An example of the offshore soil surface proﬁle in the cross-
shore direction is shown in Fig. 7 with the associated
groundwater level proﬁle. The section corresponds to a line
approximately 100 m south of array A. The groundwater
level was just beneath the morphological ground surface,
except in the trough regions where the water level was just
above the soil surface. The photograph in Fig. 3(b) conﬁrms
this, showing the groundwater on the soil surface during the
period of exposure when we walked on the exposed soil at a
distance of around 300 m along array A. The water levels of
0.1–0.3 m beneath the soil surface in the bar regions generate
suctions of 1–3 kPa, causing changes in the level of the
ground surface. Indeed, semidiurnal ﬂuctuations in the tidal
water level bring about cyclic elastoplastic contraction and
elastic expansion of the surface soil. This results in an
accumulated contraction in the soil, as indicated in Sassa
and Watabe (2007), since the elastoplastic contraction is
signiﬁcantly larger than the elastic expansion in the soil. The
magnitude of such contraction behavior depends largely on
the state of the suction in the bar and the trough regions,
giving rise to marked contrasts in the void ratios of the soil.
In fact, although the grain-size distributions were essen-
tially the same, as shown in Fig. 8, the values for the void
ratio were measured in soils at the surface (to the depth of
300 mm) and the values obtained were about 0.9 at the
Y. Watabe, S. Sassa / Soils and Foundations 52 (2012) 411–429 417bars and about 1.1 at the troughs, as shown in Fig. 9. The
proﬁle of relative soil density Dr, deﬁned as (emax–e)/(emax–
emin), shows this aspect of the soil behavior more clearly.
The observed difference in the void ratios of the bars and
the troughs was found to be consistent with the results of
the theoretical, experimental, and ﬁeld investigations
described in Sassa and Watabe (2007).
The magnitude of the stiffness/shear wave velocity dis-
tribution obtained by the MASW survey (Fig. 4) is consistent
with the magnitude of the above-mentioned strength/stiffness
variation corresponding to void ratios of 0.9 and 1.1. There-
fore, such morphology in the bar-trough region can be
consistently explained by the above-mentioned results in
which suction plays an important role.B B
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intertidal ﬂat. The 300 mm surface soil samples were tested in the laboratory.4.2.2. Shear wave velocity structures of the Shiranui
intertidal flat (mudflat)
The shear wave velocity structure in the cross-shore
direction along arrays A and B, and that in the along-shore
direction along array C, are shown in Fig. 10. The structure
is very homogeneous, indicating a uniform distribution in the
horizontal direction and a mild increase with depth. This
trend contrasts sharply with that in the sandﬂats. The shear
wave velocity was less than 50 m/s on the 2 m surface soil
and was greater than 100 m/s below depths of 5–6 m.
Since the bulk density rt of the soil is 1400 kg/m
3, a
shear wave velocity vs of 40 m/s corresponds to a shear
modulus G0 of 2.2 MN/m
2.
The temporal variation in the suction observed just
beneath the ground surface in the Shiranui intertidal mudﬂat,
during the period of exposure in summer, is shown in Fig. 11.
The suction values are in the range 0–0.1 kPa, indicating that
the moisture tension on the ground surface is slightly
increased under the strong sunlight of summer, even in the
mudﬂat. Since the suction value of 0.1 kPa is equivalent to a
hydraulic head of only 0.01 m, it can be said that during
periods of exposure, the groundwater level in the natural
mudﬂat remains essentially at the ground surface.
In Fig. 3(c), the contours of the soil surface are
represented on the map. Due to the very ﬂat ground
surface with a slope of about 1/700, the very low hydraulic
conductivity in the order of 10–8 m/s, and the very ﬂat
horizontal soil surface proﬁle, the groundwater level
coincided with the soil surface during low tide, as is visible
in Fig. 11. This fact can also be conﬁrmed from Fig. 3(d),
which is a scene of the MASW survey at the Shiranui
intertidal ﬂat. The inﬂuence of the ﬂuctuation in the tidalW.L./
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0.01 m from the soil surface; consequently, suction does
not develop in the soil, resulting in a very soft and
homogeneous soil structure, as indicated above.
Fig. 12 shows the distribution of the (a) water content, (b)
void ratio, and (c) grain-size fractions for the 50 mm surface
soil. The void ratio decreased signiﬁcantly from about 5.0 to
about 2.5 in the offshore direction due to the associated
increase in the sand fraction. This increase in the offshore
direction indicates that the sediment transportation is mainly
governed by the waves and the current rather than by the
river ﬂow, because large and ﬁne particles generally deposit
upstream and downstream, respectively. As shown in
Fig. 12(a), the consistency at the soil surface indicates thatnormalized water content w/wL was in the range 2.5–3.0 over
the whole area.
Based on the fact that the vane shear strength of the clay in
the slurry state is a unique function of w/wL, this value
corresponds to a vane shear strength in the order of 0.01 kPa
(Leroueil et al., 1983). Mud in this condition is normally in
the slurry state, which cannot support marine life (gobies and
crabs) on the surface. In the ﬁeld, however, the soil had
enough bearing capacity to support such life, suggesting the
involvement of additional strength generated by chemical
reactions. In fact, the temperature during summer was
greater than 40 1C; this could have possibly accelerated the
chemical reaction (bonding) between the soil particles. The
temperature proﬁle observed in the ﬁeld is shown in Fig. 13;
it indicates a temperature greater than 35 1C at the soil
surface during periods of exposure.
The vane shear strength of the surface layer was measured
at depths of 0.04, 0.1, 0.2, and 0.4 m, and its proﬁle was
obtained at distances of 0, 570, and 1100 m along array B, as
shown in Fig. 14(a). Here, the dimensions of each vane blade
were 20 mm in width, 40 mm in height, and 0.8 mm in
thickness. The rotational shearing rate of the vane in the
sediment was maintained at 11/s. This vane apparatus is also
used in the following sections. The strength at a depth of
0.04 m was about 0.4 kPa, and it increased linearly with
depth with the ratio varying from 2.0 kPa/m near the shore
to 8.0 kPa/m offshore, indicating that the ratio increases with
the sand fraction. The vane shear strength measured in the
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from the w/wL value (0.01 kPa).
A typical example of the G0 proﬁle calculated with Eq. (2),
from the shear wave velocity structure obtained at a distance
of 570 m by MASW, is shown in Fig. 14(b). Here, bulk
density rt was assumed to be 1400 kg/m
3. We obtain the best
ﬁt increase ratio for G0 as 2.2 MPa/m. Since it is known that
G0 increases linearly with undrained shear strength cu, G0 isexpressed as being approximately 300 (E2200/8¼275) times
the value of cu from the comparison between the G0 proﬁles
obtained by both the MASW and the vane shear strength
measurements. The factor of 300 is consistent with the values
indicated by D’Appolonia et al. (1971).
5. Morphological features of intertidal ﬂats with various
characteristics
5.1. Intertidal flats investigated
Six intertidal ﬂats, including the above-mentioned two ﬂats,
are studied here. The MASW survey arrays for the additional
four ﬂats are shown in Figs. 15 and 16, with typical scenes of
the surveys. The Buzen Sea intertidal ﬂat (Usa City, Oita
Prefecture, Japan) and the Roberts Bank intertidal ﬂat (Delta
City, BC, Canada) are studied as representing the sandﬂats,
while the Awase intertidal ﬂat (Okinawa City, Okinawa
Prefecture, Japan) and the Naha Airport intertidal ﬂat (Naha
City, Okinawa Prefecture, Japan) are studied as representing
the subtropical ﬂats. The ﬁeld surveys were carried out during
the spring tides in summer when these ﬂats were exposed. The
MASW survey was performed during the ebbing tide from
August 9 to 11, 2006 in the Buzen Sea intertidal ﬂat (the
diurnal difference between high tide and low tide was
approximately 3.3 m during the day), from July 27 to 29,
2007 in the Roberts Bank intertidal ﬂat (the diurnal difference
was approximately 3.5 m), from March 9 to 11, 2005 in the
Awase intertidal ﬂat (diurnal difference was approximately
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Fig. 14. Depth proﬁle of (a) the vane shear strength of the surface soil layer at 0.04, 0.1, 0.2 and 0.4 m depths at distances of 0, 570 and 1100 m and (b) a
typical example of a G0 proﬁle calculated with Eq. (2) from the shear wave velocity structure obtained by the MASW survey at a distance of 570 m, along
array B in the Shiranui intertidal ﬂat.
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intertidal ﬂat (diurnal difference was approximately 2.3 m).
The Buzen Sea intertidal ﬂat is a sandﬂat located in the
estuary of the Yakkan River. A multibar-trough structure
developed in both the cross-shore direction with a long
interval and the along-shore direction with a short interval.
There are some offshore regions with cobble stones. The
MASW survey was carried out in the cross-shore direction
along array A, with a length of approximately 1100 m, and
along array C, corresponding to a bar-trough unit with a
length of approximately 45 m on array A, and in the
along-shore direction along array B with a length of
approximately 500 m (Fig. 15(a)).
The Roberts Bank intertidal ﬂat is a sandﬂat located in an
estuary of the Frazer River. The scale of the intertidal zone in
the cross-shore direction is more than 4000 m. In an area
near the shore, muddy deposits are dominant. The MASW
survey was carried out in the cross-shore direction along
array A with a length of approximately 3000 m (Fig. 16(a)).
The end of array A was a large water path route.
The Awase intertidal ﬂat is a subtropical sandﬂat. The
MASW survey was carried out in the cross-shore direction
along array A with a length of approximately 850 m
(Fig. 15(e)). The deposits are composed of sandy soil with
coral gravel in the near-shore region, coral gravel with sandy
soils in the middle region, and sandy soil in the offshore
region. The main contents of the sand are crushed coral and
shells.
The Naha Airport intertidal ﬂat is a subtropical sandﬂat
with coral gravel. In some regions, lime rock is exposed at
the ground surface. The MASW survey was carried out in
the along-shore direction along array A with a length of
approximately 1350 m and along array C with a length of
approximately 23 m, and in the cross-shore direction along
array B with a length of approximately 1400 m (Fig. 15(c)).
Array C was approximately 110 m apart from array A.
There is a submerged region between arrays A and C.5.2. Shear wave velocity structure of the Buzen sea
intertidal flat
The shear wave velocity structures, obtained along the
arrays, are shown in Fig. 17. The morphological ground
surface proﬁle data leveled along the arrays are reﬂected in the
ﬁgure. As mentioned above, the shear wave velocity structure
essentially represents the stiffness structure. Along the arrays, a
multibar-trough structure was clearly captured. It is notable
that array C captured the details of a unit of bar-trough
structure. The interval of the multibar-trough structure in the
cross-shore direction along array A is longer than that in the
along-shore direction along array B. Along array A, the low
shear wave velocity in the near shore region corresponds to the
soft deposit, and the high shear wave velocity in the offshore
region corresponds to the stiff deposit. This fact is consistent
with the shear wave velocity structure obtained in the cross-
shore direction at the Banzu intertidal ﬂat (Fig. 4).
The distribution of surface shear wave velocities, calcu-
lated as the average at depths of 0–2 m, along arrays A, B,
and C are shown in Figs. 18(a), 19(a), and 20(a), respec-
tively. Along array A, the region at a distance from 0 to
220 m is soft with a shear wave velocity of 50–65 m/s, the
region at a distance from 250 to 450 m shows a shear wave
velocity of 70–80 m/s, and the region at a distance of 500 m
is stiffer with a shear wave velocity of 80–100 m/s. The
shear wave velocity in the bar regions is 10–15 m/s higher
than that in the trough regions. Along array B, the region
at a distance from 20 to 100 m distance is stiffer with a
shear wave velocity of 80–90 m/s, and the region at a
distance from 150 to 500 m is softer with a shear wave
velocity of 60–70 m/s. This difference corresponds to the
variation in soil properties, i.e., the softer deposits corre-
spond to the ﬁner soils. The shear wave velocity in the bar
regions is 5–10 m/s higher than that in the trough regions.
Array C focuses on the bar-trough unit at a distance of
approximately 600 m along array A. The maximum shear
Fig. 15. Locations of (a) the Buzen Sea intertidal ﬂat (sandﬂat) in Usa City, Japan, (b) a scene of the MASW survey at a region of the multibar-trough
structure, (c) the Naha Airport intertidal ﬂat (subtropical ﬂat) in Naha City, Japan, (d) a scene of the MASW survey at a region of sand with coral
gravels, (e) the Awase intertidal ﬂat (subtropical ﬂat) in Okinawa City, Japan and (f) a scene of the MASW survey at a region of sand with coral gravels.
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minimum shear wave velocity in the trough region was
94 m/s. The shear wave velocity distribution shows a peak at
a distance of around 12 m in the bar region, while it is almost
constant at a distance from 17 to 6 m in the trough
region. These results indicate that, in the trough region, soil
contraction and hardening does not occur because suction
does not develop under the always-submerged condition, while
in the bar region, they occur due to developed suction duringthe exposed periods. Moreover, the distribution of developed
suction is not uniform. More details will be given below.
The morphological ground surface proﬁle data, leveled
along the arrays, are shown in Figs. 18(b), 19(b), and
20(b), respectively, as well as the water level in the trough
regions and the ground water level in the bar regions
(except for array B). At some points representing bar and
trough structures on arrays B and C, soil samples were
collected to obtain mean particle diameter D50 and relative
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Fig. 16. Locations of (a) the Roberts Bank intertidal ﬂat (sandﬂat) in Delta City, BA, Canada and (b) a scene of the MASW survey at a region of soft
sand with muddy coverage.
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20(b).
The multibar-trough structure in the cross-shore direc-
tion along array A shows a longer wavelength and a larger
amplitude than that in the alongshore direction alongarray B. In this tidal ﬂat, the complex morphological
formation with a multibar-trough structure in two direc-
tions is affected by the tidal current, the wave direction,
the wave frequency, and the wave height. Then, the bar
regions are hardened by suction dynamics.
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Fig. 19. Proﬁles of (a) the shear wave velocity (average for 0–2 m surface soil) and (b) the morphological ground surface (G.L.) in the along-shore
direction along array B in the Buzen Sea intertidal ﬂat.
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however, those values obtained at a unit of sequential
bar and trough, i.e., at distances of 140 m and 170 m
along array B and at distances of 10 m and 25 m along
array C, respectively, are quite similar. This is consistent
with the results obtained at the Banzu intertidal ﬂat (see
Fig. 8). Even though mean particle diameter D50 was
equivalent at each sequential bar and trough, relative
density Dr in the bar region is higher than that in the
trough region. This is consistent with the tendency of the
accumulated contraction and hardening in the bar
regions.
Along array C, for the detailed survey for the sequential
bar and trough unit, the point showing the maximum shear
wave velocity did not coincide with the highest elevation
point of the bar structure. This fact indicates that the point
showing the maximum Dr value was not coincident to thehighest elevation point, because the soil with the slightly
larger grain size was in an unsaturated condition at the
highest elevation point.
Sassa et al. (2007) showed that the relationship among
air entry suction value saev, effective soil particle diameter
D10, and void ratio e, for coastal sands can be expressed by
saev ¼cgw=ðeD10Þ ð3Þ
where gw is the unit weight of the water and c is a constant
(c¼20 mm2). At the point with Dr¼69.4% on the bar of
array C, with a void ratio e of 0.900 and an effective mean
particle diameter D10 of 0.17 mm, the water head corre-
sponding to the air entry suction value saev can be
calculated as haev¼saev/gw¼131 mm. Since the
ground level at the highest point of the bar was approxi-
mately 220 mm below the ground level (Fig. 20), the
surface soil could become unsaturated. Therefore, the
Fig. 20. Proﬁles of (a) the shear wave velocity (average for 0–2 m surface soil) and (b) the morphological ground surface (G.L.) and the water level
(W.L.)/groundwater level (G.W.L.) along array C in the Buzen Sea intertidal ﬂat.
Fig. 21. Shear wave velocity structure obtained by the MASW survey in the cross-shore direction along array A in the Roberts Bank intertidal ﬂat.
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calculated with the linear assumption between the suction
and the ground water level as the saturated condition. In
fact, the ground water level at the point where the
maximum shear wave velocity was observed was approxi-
mately 150 mm below the ground level, corresponding to
the place where the accumulated contraction and the
densiﬁcation had occurred under the saturated condition.
Similarly, it was noticed that in the along-shore direction
along array B (Fig. 19), in which each bar is 200–250 mm
higher than the sequential trough, the two bars could be
compared. The bar with a Dr of 59.3% at a distance of
110 m had a void ratio e of 0.913 and a D10 of 0.13 mm,
resulting in a haev of 169 mm. The bar with a Dr of
79.0% at a distance of 170 m had a void ratio e of 0.877
and a D10 of 0.10 mm, resulting in a haev of 228 mm.
Since the ground water level was below the level corre-
sponding to haev at the former, the point showing the
maximum shear wave velocity was different from the
morphological ground surface peak point. Meanwhile,
because the ground water level was above the level
corresponding to have at the latter, the point showing the
maximum shear wave velocity was coincident with themorphological ground surface peak point. This is consis-
tent with the above discussions for array C.
Vane shear strengths tf at a depth of 0.02 m along array
A are shown in Fig. 18(c). The shear strengths in the
trough regions were smaller than 2 kPa, and those in the
bar regions were in a range 5–7 kPa, indicating that the
difference between the trough and the bar regions at
extremely shallow depths was well captured as the surface
shear strength rather than the shear wave velocity
structure.
5.3. Shear wave velocity structure at the Roberts Bank
intertidal flat
The shear wave velocity structure obtained by the
MASW survey is shown in Fig. 21, and the grain-size
distribution curves are shown in Fig. 22. Moreover, the
morphological ground surface proﬁle data and the void
ratio are shown in Fig. 23.
The region from 0 to 700 m was homogeneous in the
cross-shore direction, showing shear wave velocities of
around 80 m/s and 160 m/s at depths of 1 m and 4 m,
respectively. The region from 0 to 100 m shows a shear
Y. Watabe, S. Sassa / Soils and Foundations 52 (2012) 411–429 425wave velocity lower than 50 m/s at the ground surface. At
a distance of around 100 m, the ﬁne particle content was
approximately 100%, indicating that the presence of
muddy soil is detectable as ground softness. In the region
at a distance from 700 to 900 m, the 2-m surface soil was
similar to the surrounding soil in stratigraphy; however,
the deeper portion was signiﬁcantly softer with a shear
wave velocity of, e.g., 150 m/s at a depth of 9 m. Although
it has not yet been clariﬁed why this portion was so soft, it
is believed, based on a study of sequential sedimentation
history investigated by MASW technology at a different
ﬂat (Watabe and Sassa, 2010), that this is the location of a
previous water path. In the region at a distance from 1000
to 2200 m, the depth corresponding to a certain shear wave
velocity gradually became deeper with distance. Shear
wave velocities of 80 m/s and 160 m/s were observed at
depths of 2 m and 6 m, respectively, at a distance of
2100 m. In the region at a distance of 2200–2300 m, there
was a soft portion at larger depths; however, in the region
at a distance from 2300 to 3000 m, the stratigraphy was
very homogeneous in the cross-shore direction. The0
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Fig. 22. Grain size distributions for the samples collected along array A
in the Roberts Bank intertidal ﬂat. The 50 mm surface soil samples were
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Fig. 23. Proﬁles of (a) the morphological ground surface (G.L.) and (b) the voi
the Roberts Bank intertidal ﬂat.MASW survey was conducted up to a distance of 3000 m
corresponding to the relatively large water path (see
Fig. 23(a)).
The ﬁne particle content of the surface soil decreases
with distance in the cross-shore direction, e.g., it is only
20% at a distance of 2390 m. Despite the coarse particle
content increasing with distance, the surface shear wave
velocity was smaller than 50 m/s in the region from a
distance of 2000 m. As mentioned above, in the sandﬂats
with a distance of approximately 1000 m of intertidal zone
in the cross-shore direction, the deposits at the offshore
side were stiffer than those at the shore side. Suction
dynamics corresponding to the ground water level ﬂuctua-
tions resulted in accumulated contraction and hardening in
the offshore region, particularly in the bar regions. The
accumulated contraction was not observed in the Roberts
Bank intertidal ﬂat of large dimensions or without the bar-
trough structure, because the ground water level was
coincident with the ground surface in the whole region of
the ﬂat. In other words, there is no effect of suction
dynamics on the sediments. This condition is very similar
to the whole region of the Shiranui muddy intertidal ﬂat as
well as the near-shore region of the Banzu intertidal ﬂat. In
fact, in most of the regions, suction did not develop, except
for a small clayey mound at a distance of 100 m (0.7 kPa)
and a small sandy mound near a water path at a distance
of 1000 m (1.0 kPa).
The void ratio showed a high value of 1.5–1.7 near the
shore, it gradually decreased toward the offshore to be 1.0
at a distance of 1000 m, and then it became constant at 0.9
in the region from 1000 m. The void ratio distribution
corresponds to the variation in the grain-size distribution
from the shore to the offshore; this can be explained by the
absence of suction dynamics.
5.4. Shear wave velocity structure of the Awase intertidal
flat
The shear wave velocity structure obtained by the
MASW survey is shown in Fig. 24. Unlike at the Banzu
intertidal ﬂat and the Buzen Sea intertidal ﬂat, the surfacece x (m)
45004000350030002500
d ratio for 50 mm surface soil in the cross-shore direction along array A in
Fig. 24. Shear wave velocity structure obtained by the MASW survey in the cross-shore direction along array A in the Awase intertidal ﬂat.
Fig. 25. Shear wave velocity structures obtained by the MASW survey in the along-shore direction along arrays A and C and in the cross-shore direction
along array B in the Naha Airport intertidal ﬂat. Array C is an extension of array A corresponding to a distance of 420 m on array A.
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offshore region. This tendency cannot be explained by soil
contraction or by hardening caused by suction dynamics.
Since sand with coral gravel and relatively homogeneous
sand are dominant in the near-shore and the offshore
regions, respectively, it can be said that shear wave velocity
structures are strongly affected by the variation in the
physical properties of the soil.
The near-shore region, with a shear wave velocity of
130 m/s, was signiﬁcantly stiffer than the regions at the
Banzu intertidal ﬂat and the Buzen Sea intertidal ﬂat with
shear wave velocities of 50–100 m/s. This is also stiffer than
the stiffest bar regions of those intertidal ﬂats with shear
wave velocities of 110–130 m/s. The offshore region with
shear wave velocities of 130 m/s in the bar regions and
90–110 m/s in the trough regions are equivalent to the typical
shear wave velocity structures in the offshore region of the
Banzu intertidal ﬂat and the Buzen Sea intertidal ﬂat.
In the region at a distance from 0 to 550 m, except for
around 100 m and 400 m, a stiff layer was found with ashear wave velocity of greater than 300 m/s at depths of
more than 8 m. The region at a distance from 550 m
became slightly softer, but in the region at a distance from
750 to 850 m, the stiff layer was protruding. These uneven
levels of the stiff layer are thought to be a lime rock layer
formed from coral bodies, not a dense sandy soil.
5.5. Shear wave velocity structure of the Naha Airport
intertidal flat
The shear wave velocity structures obtained by the
MASW survey are shown in Fig. 25.
Firstly, we focus on the arrays in the along-shore
direction. Array C is an extension of array A, correspond-
ing to a distance of 420 m on array A. In the regions of
420 m, from 0 to 120 m, around 600 m, from 750 to
800 m, and from 880 to 920 m, lime rock with a shear wave
velocity above 300 m/s was exposed on the ground surface.
Lime rock protruding at the surface was also detected
along array C. Sandy soils were deposited in the valleys
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sandy deposits was larger than 15 m in the region from 320
to 150 m, but less than 6 m in the other regions because of
a shallow lime rock layer. The shear wave velocity at the
surface of the sandy deposits was approximately 100 m/s,
which is equivalent to that measured at sandﬂats, e.g., the
Banzu intertidal ﬂat and the Buzen Sea intertidal ﬂat.
Next, we focus on the array in the cross-shore direction.
Along array B, in the regions around distances of 180 m,
from 320 to 440 m, and around 1350 m, a lime rock layer
with shear wave velocities higher than 300 m/s was exposed
on the ground surface. In the regions at distances from 600
to 670 m, around 900 m, around 1000 m, and around
1100 m, the thickness of the sandy deposits was approxi-
mately 10 m; however, in the other regions, that was only
2–6 m. The geological stratigraphy was very complex
corresponding to the lime rock protruding at the surface.
5.6. Spectrum analysis for morphological features of
intertidal flats
In this section, the shear wave velocity structures in the
cross-shore direction obtained at the six tidal ﬂats mentioned
above, i.e., the Banzu intertidal ﬂat, the Buzen Sea intertidal
ﬂat, and the Roberts Bank intertidal ﬂat as sandﬂats, the
Shiranui intertidal ﬂat as mudﬂats, and the Awase intertidal
ﬂat and the Naha Airport intertidal ﬂat as subtropical tidal
ﬂats, are considered. To examine a dominant wavelength for
each shear wave velocity structure, the shear wave velocities at
depths of 0.5 m and 2.5 m were read along the survey array,
and then a spectrum analysis with fast Fourier transformation
(FFT) was carried out for the data at each depth. For the
three tidal ﬂats leveled along the survey arrays, i.e., the Buzen
Sea intertidal ﬂat, the Roberts Bank intertidal ﬂat, and the
Naha Airport intertidal ﬂat, a spectrum analysis with FFT
was carried out for each ground surface proﬁle data, to
examine a dominant wavelength for the morphological ground
surface proﬁle. For the Banzu intertidal ﬂat, the morphological
ground surface proﬁle data obtained approximately 100 m
south of array A was examined. The morphological ground
surface proﬁles analyzed here were subtracted from each trend
component in elevation, which was assumed to be linearly
lowered with distance from the shore to the offshore.
The results of the spectrum analysis for the shear wave
velocity structure and the morphological ground surface
proﬁle are shown in Figs. 26 and 27, respectively. Firstly, we
focus on the shear wave velocity at a depth of 0.5 m
(Fig. 26(a)). In the Banzu intertidal ﬂat, there are clear peaks
at wavelengths of approximately 40 m, 65 m, and 90 m. In the
Buzen Sea intertidal ﬂat, there are some small peaks in the
range of wavelengths of 45–75 m. Meanwhile, in the Roberts
Bank intertidal ﬂat, there is no dominant wavelength. As seen
in the shear wave velocity structure of the Banzu intertidal ﬂat
(Fig. 4) and the Buzen Sea intertidal ﬂat (Fig. 17), the interval
of the bar-trough structure was 40–60 m. In addition, the
dominant wavelengths for the morphological ground surface
proﬁle (Fig. 27) are similar to those for the shear wave velocity
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wavelengths are mainly governed by the morphological
ground surface proﬁle corresponding to the multibar-trough
structure. They are consistent with the above descriptions for
the accumulated contraction and hardening caused by suction
dynamics.
It is very interesting that the shapes of the spectrum are
very similar between the Shiranui intertidal ﬂat (mudﬂat)
and the Roberts Bank intertidal ﬂat (huge scale sandﬂat)
without dominant wavelengths or morphological varia-
tions. This fact indicates that morphological variations,
such as bar-trough structures, strongly affect the shear
wave velocity structure.
In the subtropical intertidal ﬂats, the spectrum of the
Naha Airport intertidal ﬂat was very different from that of
the Awase intertidal ﬂat. In the Awase intertidal ﬂat, the
dominant wavelength for the shear wave velocity structure
was obtained at approximately 60 m, equivalent to that in
the sandﬂats (the Banzu intertidal ﬂat and the Buzen Sea
intertidal ﬂat). In the Naha Airport intertidal ﬂat, the
dominant wavelength for the shear wave velocity structure
was obtained at approximately 100 m, as well as some
other peaks. According to the additional spectrum analysis
for longer wavelengths, a wavelength of 200 m was
obtained as the dominant one. These dominant wave-
lengths are signiﬁcantly longer than those of other tidal
ﬂats, indicating that these are not governed by the
morphological formation affected by hydraulic conditions.
The lime rock exposed on the ground surface strongly
affects the dominant wavelength.
Next, we focus on the shear wave velocity at a depth of
2.5 m (Fig. 26(b)). The spectrum is similar to that obtained
at a depth of 0.5 m; however, there are no dominant
wavelengths, except for the Naha Airport intertidal ﬂat
with a protruding lime rock. This is consistent with the fact
that the effect of the bar-trough structure on the shear
wave velocity structure was limited to the depth of less
than around 1.7 m (Figs. 4 and 6).
6. Conclusions
In this study, MASW technology was applied to inves-
tigate the sedimentary stratigraphy at a typical sandﬂat
(Banzu intertidal ﬂat) and a typical mudﬂat (Shiranui
intertidal ﬂat), and its formation mechanisms were dis-
cussed from the viewpoints of geoenvironmental dynamics
in association with the semidiurnal tidal ﬂuctuations. The
main conclusions are as follows:(1) MASW is a very useful method for quantitatively
measuring the eventual signiﬁcant changes in the soil
stiffness structure by using the representation of the
shear wave velocity.(2) In the sandﬂat at the Banzu intertidal ﬂat, the sedimen-
tary structures evaluated by MASW (as the distribution
of the shear wave velocity/stiffness) and by the physical
soil tests (as the distribution of the void ratio) can beexplained as being a consequence of the elastoplastic
contraction of soils that experience suction dynamics due
to the tide-induced groundwater level ﬂuctuations. Bar
and trough regions are hydrologically formed by ocean
waves and tidal currents; however, even though the
sediments initially possess homogeneous void structures,
only the bar regions gradually densify because of the
suction-induced cyclic elastoplastic contraction.(3) In the mudﬂat at the Shiranui intertidal ﬂat, although a
variation in the void structure was observed in associa-
tion with the grain-size distribution, the soil stiffness
was extremely homogeneous because suction did not
develop in the soil.In addition, MASW technology was applied to the four
intertidal ﬂats with various characteristics, and the features
of the sedimentary stratigraphy was described. The main
conclusions are as follows:(4) In the Buzen Sea intertidal ﬂat, multibar-trough struc-
tures developed in both the cross-shore direction, with
a long interval, and in the along-shore direction, with a
short interval. The morphological surface variation,
the water level/ground water level, and the ground
stiffness are closely related to each other. Although the
multibar-trough structures in the cross-shore and
along-shore directions are of a different scale, the
eventual contraction and hardening at the bar regions
can be explained by the formation mechanisms con-
cluded for the Banzu intertidal ﬂat. Namely, the peak
of the shear wave velocity structure corresponds to the
location where the sediments underwent the severest
suction dynamics under the saturated condition in
consideration of the air entry suction value of the soil.(5) In the Roberts Bank intertidal ﬂat of large dimensions
without morphological variations (without a bar-trough
structure), no accumulated contraction was observed
because the ground water level was coincident with the
ground surface in all the regions of the ﬂat. The void
ratio structure corresponds to the variation in grain-size
distribution from the shore to the offshore, which can be
explained by the absence of suction dynamics.(6) In the subtropical intertidal ﬂats with a deep lime rock
layer at the Awase intertidal ﬂat, the shear wave velocity
structure is governed by the properties of the shallow soil
layer. In the subtropical intertidal ﬂats with a protruding
lime rock layer at the Naha Airport intertidal ﬂat, the
shear wave velocity structure is strongly inﬂuenced by the
morphological proﬁle of the lime rock layer.Finally, a spectrum analysis for the shear wave velocity
structure and a morphological ground surface proﬁle in the
cross-shore direction were carried out for the six intertidal ﬂats
investigated in order to quantitatively characterize the domi-
nant wavelengths. The main conclusions are as follows:
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dominant wavelength for the shear wave velocity structure
is in a range 40–90 m, corresponding to the interval of the
bar-trough structure. Meanwhile, in the mudﬂats or the
huge-scale sandﬂats, there is no dominant wavelength. In
the subtropical ﬂats with a protruding lime rock, the
dominant wavelength is strongly affected by the morpho-
logical proﬁle of the lime rock layer.Acknowledgments
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